Introduction
============

Intracerebral hemorrhage (ICH) is a devastating form of stroke associated with high mortality rates.[@b1-ndt-12-617],[@b2-ndt-12-617] Many studies on animal models of ICH have been performed to elucidate the mechanism of the secondary damage induced by ICH, including altered gene expression as observed by several genomic profiling studies.[@b3-ndt-12-617]--[@b5-ndt-12-617] However, how ICH causes the transcriptional changes is still unknown.

Recent studies have revealed a link between epigenetic modifications and the regulation of gene expression.[@b6-ndt-12-617] DNA methylation is a covalent postreplicative modification of genomic DNA that suppresses gene expression and plays an important role in diverse biological processes, such as development and tumor suppression.[@b7-ndt-12-617]--[@b9-ndt-12-617] This modification is mediated by DNA methyltransferases (DNMTs) and occurs predominantly on CpG dinucleotides.[@b10-ndt-12-617] Increasing evidence has suggested that DNA methylation is important in ischemic brain damage. In the middle cerebral artery occlusion mice, DNA methylation levels were increased in the ischemic brain tissue. Administration of 5-aza-2′-deoxycytinine (a DNMT inhibitor) conferred neuroprotection in wild-type mice, and Dnmt^S/+^ heterozygous mice exhibited reduced methylation and increased resistance to ischemic damage. However, mice without neuronal DNMT1 were not protected from cerebral ischemia.[@b11-ndt-12-617] Decrease of *Dnmt1* expression at day 4 postischemia might be related to ischemia-induced delayed neuronal death.[@b12-ndt-12-617] These observations suggested that the dynamic modulation of *Dnmt* expression and the status of DNA methylation are important to prevent cell death in cerebral ischemia.

Recent studies have shown that 5-methylcytosine (5mC) can be converted to 5-hydroxymethylcytosine (5hmC) by the ten-eleven translocation (TET) family proteins through Fe(II) and alpha-ketoglutarate-dependent hydroxylation.[@b13-ndt-12-617] 5hmC is found in diverse cell types and mouse organs.[@b14-ndt-12-617],[@b15-ndt-12-617] The level of 5hmC is five to ten times higher in the mammalian brain than any other tissues.[@b16-ndt-12-617],[@b17-ndt-12-617] Mounting evidence has demonstrated that 5hmC is involved in the pathology of various neurological diseases, such as cerebral ischemia, Alzheimer's disease, fragile X-associated tremor/ataxia syndrome, and Huntington's disease.[@b18-ndt-12-617]--[@b21-ndt-12-617] These observations suggested that 5hmC may function as a new epigenetic modification in addition to 5mC or as an intermediate state during DNA demethylation.[@b14-ndt-12-617],[@b22-ndt-12-617]

Because DNA methylation and hydroxymethylation play key roles in cerebral ischemia, and as 5hmC is highly enriched in the brain, we proposed that DNA hydroxymethylation might also be involved in ICH injury. In this study, we investigated the global 5hmC levels and the effects on transcription in the brain of mice with ICH.

Materials and methods
=====================

Animals and ICH model
---------------------

Male C57BL/6J mice (8--12 weeks old, body weight 25--35 g; Shanghai Institute of the Chinese Academy of Science, Shanghai, People's Republic of China) were involved in this study. All animals were treated according to the National Institute of Health Guidelines for the Care and Use of Laboratory Animals. All experimental procedures were approved by the Animal Care and Use Committee of Fudan University.

After anesthetization with 10% chloral hydrate (400 mg/kg; Sinopharm Chemical Reagent Co., Ltd., Shanghai, People's Republic of China), the ICH model was established after a double injection of autologous blood (15 µL) into the brain parenchyma (basal ganglia) of the mice, as described previously.[@b23-ndt-12-617] ICH mice were divided into three groups according to the duration of ICH procedure: ICH24h (n=12), ICH48h (n=12), and ICH72h (n=12). We also used sham mice (n=12) by inserting the injection needle into the basal ganglia without injection of the autologous blood. The blank control mice (n=12) were sacrificed without any surgery, deeply anesthetized using chloral hydrate (400 mg/kg).

Behavioral testing
------------------

To verify the success of the ICH model, a rating scale, based on a battery measuring the neurological function in mice described previously,[@b24-ndt-12-617] was used to assess the neurological deficits of the animals. Briefly, two tasks, the postural reflex test (PRT) and the forelimb placing test (FPT), were included in the rating scale. The scores of PRT are 0--2 according to the level of deficits of the upper body posture while the animal was held by the tail. The scores of FPT included three subitems measuring the sensorimotor integration when forelimbs were placed responding to visual (dorsal placing 0--2; lateral placing 0--2), tactile (dorsal placing 0--2; lateral placing 0--2), and proprioceptive (0--2) stimuli. The total score was obtained by adding the scores of PRT and FPT, and the maximal score is 12, indicating the most severe deficits. After finishing the behavioral test, the animals were anesthetized, and mice were perfused with normal saline solution and 4% ice-cold paraformaldehyde through the left cardiac ventricle. The brains were removed and placed in formalin solution. The right hemisphere tissue was collected and stored at −80°C for DNA and RNA extraction.

Nissl staining
--------------

The brains were dehydrated in a 10% sucrose solution for 1 day and then 30% sucrose solution for 2--3 days, until the brain sank to the bottom of the bottle. Serial coronal sections (10 µm) were cut on a freezing microtome. Sections were stained with toluidine blue (Sigma-Aldrich Co., St Louis, MO, USA) for 20 minutes. After washing with distilled water, sections were treated with 95% ethanol for 30 seconds, covered with 50% glycerin and dried. Images were taken using a light microscope (Olympus Corporation, Tokyo, Japan) and a digital camera (Olympus Corporation).

DNA extraction
--------------

Genomic DNA was extracted from snap-frozen tissues (n=6 in each group) using the DNeasy TIANamp Genomic DNA Kit (Tiangen Biotech, Beijing, People's Republic of China) following the manufacturer's instructions. DNA concentrations were determined throughout by fluorometry using the HS dsDNA kit and QubitFluorometer (Thermo Fisher Scientific, Waltham, MA, USA).

Dot-blot assay
--------------

DNA dot-blot assay was performed as described previously with some modifications.[@b25-ndt-12-617] Briefly, genomic DNA was spotted on a nitrocellulose membrane (Whatman plc, Maidstone, UK). The membrane was placed under an ultraviolet lamp for 20 minutes to crosslink the DNA and then blocked with 5% milk in Tris-buffered saline--Tween 20 for 1 hour, followed by incubation with the anti-5hmC (Active Motif, Carlsbad, CA, USA) antibody at 4°C overnight. After incubation with a horseradish peroxidase-conjugated secondary antibody (GeneScript Biotech Corporation, Piscataway Township, NJ, USA) for 1 hour at room temperature, the membrane was washed with Tris-buffered saline--Tween 20 three times and then scanned by a Typhoon scanner (GE Healthcare, Little Chalfont, UK). To control spotting, blots were stained with 0.02% methylene blue in 0.3 M sodium acetate (pH 5.2). Quantification of 5hmC was done by Image-Quanta software (GE Healthcare).

Quantitative real-time PCR analysis
-----------------------------------

Total RNA from mouse brains (n=6 in each group) was extracted by TRIzol reagent (Thermo Fisher Scientific), and total RNA from culture cells was extracted by the RNeasy Mini Kit (Qiagen NV, Venlo, the Netherlands). Complementary DNA was constructed using the TransScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech, Beijing, People's Republic of China). Real-time quantitative polymerase chain reaction (RT-qPCR) was performed using an Applied Biosystems 7500 Sequence Detection System with SYBR green labeling (Takara, Kusatsu, Japan) following the manufacturer's instruction. β-Actin was used as an endogenous control. All primer sequences are listed in [Table S1](#SD1-ndt-12-617){ref-type="supplementary-material"}.

hMeDIP-qPCR and MeDIP-qPCR analyses
-----------------------------------

Genomic DNA from mouse brains was prepared using a phenol--chloroform method. The methylated DNA immunoprecipitation (MeDIP) and hydroxymethylated DNA immunoprecipitation (hMeDIP) assays were performed as previously described.[@b13-ndt-12-617],[@b26-ndt-12-617] Briefly, genomic DNA was denatured and then immunoprecipitated with an anti-5mC (Eurogentec, Liège, Belgium) or an anti-5hmC (Active Motif) antibody and protein G magnetic Dynabeads (Thermo Fisher Scientific). After washing three times, beads were treated with protein K for 4 hours. DNA was prepared with phenol--chloroform and precipitated using cold ethanol, and immunoprecipitated DNA was analyzed by qPCR. All primers are listed in [Table S2](#SD2-ndt-12-617){ref-type="supplementary-material"}.

Statistical analyses
--------------------

Statistical analyses were performed with a two-tailed unpaired Student's *t*-test. All data shown represent the results obtained from triplicate independent experiments with standard deviations (mean ± SD). The values of *P*\<0.05 were considered statistically significant.

Results
=======

Verification of ICH mouse model
-------------------------------

The ICH model was evaluated by histopathological and behavioral analyses. Neuronal damage was examined by Nissl staining, which showed the apparent loss of neuron cells in the ICH groups ([Figure 1A--C](#f1-ndt-12-617){ref-type="fig"}). In addition, we used the PRT and the FPT to evaluate motor functions. Compared with the control and sham groups, mice in ICH groups showed behavioral impairment in these tests (*P*\<0.001) ([Figure 1D](#f1-ndt-12-617){ref-type="fig"}). This histopathological and behavioral evidence confirmed the successful establishment of the ICH mouse model.

Global 5hmC level was decreased in the brain of ICH mice
--------------------------------------------------------

Recent studies showed that the level of 5hmC is dynamically regulated by metabolites.[@b27-ndt-12-617] We next assessed whether the level of 5hmC in the mouse brain was altered after ICH using dot blotting. Global 5hmC levels were decreased by 51% within 24 hours after ICH injury (*P*\<0.01) ([Figure 2A and B](#f2-ndt-12-617){ref-type="fig"}). Moreover, the global 5hmC level was maintained at a low level until 72 hours after ICH injury. Thus, our data indicated that the global level of 5hmC in mouse brains is sensitive to ICH injury and is dynamically regulated.

ICH decreased 5hmC at three gene loci in mouse brains
-----------------------------------------------------

Recent evidence showed that 5hmC can directly contribute to gene regulation in addition to being an intermediate in gene regulatory pathways.[@b27-ndt-12-617],[@b28-ndt-12-617] We therefore determined whether ICH injury could alter 5hmC levels at specific gene loci in mouse brains. A brain genomic profiling study revealed that growth factor-related genes and genes in the PI3K--Akt pathway show changes in expression after ICH.[@b4-ndt-12-617] We thus selected genomic loci at CpG-rich regions in promoter regions of the genes *Akt2*, *Pdpk1* and *Vegf* ([Figure 3A--C](#f3-ndt-12-617){ref-type="fig"}). We then performed hMeDIP-qPCR and MeDIP-qPCR analyses to determine 5hmC or 5mC changes in the selected regions of these three genes, respectively. The hMeDIP-qPCR analysis demonstrated that 5hmC was significantly decreased on promoters of *Akt2*, *Pdpk1* and *Vegf* genes in mouse brains 24 hours after ICH (*P*\<0.05). Even at 72 hours after ICH, the 5hmC level on the promoters of the *Akt2*, *Pdpk1* and *Vegf* genes decreased by 77%, 87%, and 75%, respectively ([Figure 3D--F](#f3-ndt-12-617){ref-type="fig"}). The rapid decrease of 5hmC paralleled the increase of 5mC in these regions over the time course and reached its peak at 72 hours after ICH ([Figure 3G--I](#f3-ndt-12-617){ref-type="fig"}). In addition, RT-qPCR analysis revealed that the mRNA levels of the three genes were downregulated upon ICH injury and reached their minimum at 24 hours or 48 hours ([Figure 3J--L](#f3-ndt-12-617){ref-type="fig"}). Taken together, these results suggest that 5hmC can undergo dynamic changes, which are associated with the regulation of specific gene expression after ICH.

TET expression is downregulated in ICH brain
--------------------------------------------

As the generation of 5hmC is catalyzed by TET family proteins, we examined whether ICH has an impact on the expression of Tet family genes in the mouse brain by RT-qPCR. Our results showed that Tet1, Tet2, and Tet3 mRNA expression levels were significantly downregulated in the brain of the ICH mouse ([Figure 4](#f4-ndt-12-617){ref-type="fig"}). These findings provide a potential molecular mechanism for the observed reduction of 5hmC in ICH.

Discussion
==========

This is the first report to implicate DNA hydroxymethylation in ICH. We observed the global 5hmC level reduction and 5hmC alteration on the three gene loci in ICH mouse brains. This reduction was in parallel with the increase of 5mC. These results indicate that the epigenetic regulatory system is involved in ICH injury.

Over the last decade, the mechanisms underlying ICH-induced brain injury have been demonstrated. The primary damage occurs within minutes to hours after the onset of bleeding and is mainly the result of mechanical damage associated with the mass effect.[@b29-ndt-12-617] Secondary brain injury of ICH is mostly associated with hematoma toxicity,[@b30-ndt-12-617] oxidative stress,[@b31-ndt-12-617] and inflammation.[@b32-ndt-12-617] Many genes and signaling pathways contribute to the unique pathophysiology of ICH.[@b1-ndt-12-617] Growing knowledge in the field of epigenetics has dramatically changed our understanding of gene regulation. Multiple studies have shown that epigenetic modifications regulate a wide range of neuropathologic processes,[@b33-ndt-12-617] and emerging evidence implicates a spectrum of epigenetic processes in the pathophysiology of stroke.[@b34-ndt-12-617] Our results revealed the epigenetic mechanisms involved in ICH brain injury. The global level of 5hmC was significantly decreased 24 hours after ICH and persisted until 72 hours. Interestingly, an increasing trend was detected at 72 hours compared with the first 2 days, which could be partially explained by subsequent mechanisms after ICH-induced brain injury. Previous studies suggested that perihematomal edema progressed from ionic edema to vasogenic edema in the first 2 days, and it started to enter into the stage of resolution, which can stimulate angiogenesis at 3 days after ICH.[@b35-ndt-12-617] Neutrophil infiltration was found in and around the hematoma, which peaks at 2--3 days and almost disappears at 3--7 days.[@b32-ndt-12-617] The changes of the global 5hmC level in mouse brains might be partially consistent with the pathophysiology of ICH. However, in contrast to ICH brain injury, a recent study showed that overall 5hmC abundance was increased in the mouse brain after ischemia reperfusion.[@b21-ndt-12-617] This discrepancy may be owing to the different pathophysiologies of hemorrhage and ischemic injury.

We selected the *Akt2*, *Pdpk1* and *Vegf* genes to test whether ICH injury alters the 5hmC levels at specific gene loci in mouse brains. Previous reports showed that these genes are regulated after ICH, and their expression changes contribute to cell death after ICH.[@b4-ndt-12-617] Our results showed that 5hmC was significantly decreased in the CpG-rich region of these three genes, and this was accompanied by an increase of 5mC. These data suggest that ICH injury alters the dynamics of cytosine methylation at specific gene loci. Future studies of the genome-wide changes of 5hmC and 5mC in the mouse brain upon ICH injury, including genes known to be upregulated and unchanged, may help further our understanding of the mechanisms underlying ICH injury response.

Methylation of DNA at the gene promoter region blocks the binding of transcriptional factors and thus represses gene expression. In contrast to 5mC, 5hmC increases the hydrophilicity and destabilizes the double helix and enhances binding of DNA-binding proteins.[@b36-ndt-12-617],[@b37-ndt-12-617] Whereas methylation has been linked to gene silencing, hydroxymethylation has been associated with actively transcribed genes.[@b13-ndt-12-617],[@b38-ndt-12-617],[@b39-ndt-12-617] As expected, all three genes examined in this study were downregulated upon ICH injury accompanied by decreased 5hmC levels. This may be explained in part by the removal of the positive effect of 5hmC, but it is also possible that 5mC has a repressive effect on transcription.

The TET family contains three members, TET1, TET2, and TET3, which mediate the conversion of 5mC to 5hmC and its ultimate DNA demethylation.[@b13-ndt-12-617] Our results showed that *Tet* expression was downregulated in the ICH brain and was associated with a decrease in 5hmC modification, which is consistent with previous research showing that a decrease in *Tet* resulted in reduced 5mC conversion to 5hmC and caused hypermethylation and transcription repression.[@b40-ndt-12-617],[@b41-ndt-12-617] However, several studies demonstrated that *Tet1* downregulation leads to increased 5hmC and promotes the transcriptionally active state of genes.[@b42-ndt-12-617] Because *Tet1* is also involved in the repression of Polycomb-targeted developmental regulators, a dual function of *Tet1* in both transactivation and gene silencing was revealed.[@b42-ndt-12-617] This study could not determine whether *Tet* expression was responsible for the regulation of 5hmC. Future research with *Tet* knockout mice is needed to investigate the exact function of *Tet* during ICH injury.

Recent reports have indicated promising results of epigenetic therapies in human disease. Increased levels of 5mC have been shown to enhance cell death,[@b43-ndt-12-617] and suppression of DNA methylation conferred resistance to ischemia.[@b11-ndt-12-617],[@b44-ndt-12-617] Other studies showed that 5hmC might be important in reversing the abnormal epigenetic regulation in cancer.[@b45-ndt-12-617] Decrease of 5hmC modifications by inhibiting *Tet2* activity can reduce infarct volume after ischemic injury.[@b21-ndt-12-617] However, whether changes in DNA demethylation could be a therapeutic strategy for the treatment of ICH injury is still unknown. Future studies should examine whether regulated levels of 5hmC are associated with differences in outcome after ICH by targeting the 5hmC pathway.

Conclusion
==========

In conclusion, this is the first study to investigate DNA hydroxymethylation in ICH injury. The mechanisms of 5hmC regulation and the function of 5hmC in ICH remain to be fully elucidated. Although the study of 5hmC is in its infancy, it has stimulated a lot of interest, in that 5hmC might have a potential role in mechanisms of injury and repair in ICH injury, which needs to be investigated further.

Supplementary materials
=======================

###### 

Primer sequences for real-time qPCR analysis

  Gene        Strand    Sequence
  ----------- --------- ----------------------
  *Tet1*      Forward   ACAAGCAGATGGCTCCAGTT
              Reverse   GCAACAGGTGACACCAGAGA
  *Tet2*      Forward   ATCCAAACCGAAGCTGAATG
              Reverse   CTTGCCCTACCACCGTTTTA
  *Tet3*      Forward   TCCGGATTGAGAAGGTCATC
              Reverse   TCCTCCAGTGTGTGTCTTCG
  *Akt2*      Forward   CTTGTAATCCATGGCGTCCT
              Reverse   GAAGACTGAGAGGCCACGAC
  *Pdpk1*     Forward   TCCCTGTCTACGGTGGAAAC
              Reverse   AAACTGGTGCCAAGGGTTTC
  *Vegf*      Forward   TTGTTCAGAGCGGAGAAAGC
              Reverse   GAGAGGTCTGGTTCCCGAAA
  *β-actin*   Forward   TCCCTGGAGAAGAGCTACG
              Reverse   GTAGTTTCGTGGATGCCACA

**Abbreviation:** qPCR, quantitative polymerase chain reaction.

###### 

Primer sequences for MeDIP-qPCR and hMeDIP-qPCR analyses

  Gene      Strand    Sequence
  --------- --------- -----------------------
  *Akt2*    Forward   GTTGGGCCTGACTCCGAG
            Reverse   CGTACTCACCTGTCACCGG
  *Pdpk1*   Forward   CTACGGAGCCTCAGTTTACCT
            Reverse   GTATAGCTGTCATTGGCGGC
  *Vegf*    Forward   GCTGTTACCGGTGAGAAGC
            Reverse   GGTGAGTCCGCTGAATAGTC

**Abbreviations:** MeDIP, methylated DNA immunoprecipitation; qPCR, quantitative polymerase chain reaction; hMeDIP, hydroxymethylated DNA immunoprecipitation.
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![Verification of mouse ICH model.\
**Notes:** (**A**--**C**) The neuronal damage was examined by Nissl staining. In contrast to control group (**A**) and sham group (**B**), the apparent loss of neuron cells was observed in the ICH group (**C**). Scale bar is 200 µm. (**D**) Behavioral assessments of the ICH model. ICH significantly increased the neurological deficit rating scores (ICH groups vs sham group), while the symptoms reached a peak 48 h after the surgery. n=6; \**P*\<0.01 compared to control group. F denotes sham-operated group.\
**Abbreviations:** ICH, intracerebral hemorrhage; h, hours.](ndt-12-617Fig1){#f1-ndt-12-617}

![ICH reduced global 5hmC level in mouse brains.\
**Notes:** (**A**) The left panel shows the representative anti-5hmC dot blot for the DNA extracted from control and ICH brains. The right panel shows the methylene blue staining to validate the equal loading amount of DNA. (**B**) Dot blotting revealed that the global 5hmC level in mouse brains was reduced upon ICH injury. The global level of 5hmC started to decrease in 24 h after ICH and persisted until 72 h. Data are represented as mean ± SD. n=6. \*\**P*\<0.01 compared to control group. F denotes sham-operated group.\
**Abbreviations:** ICH, intracerebral hemorrhage; 5hmC, 5-hydroxymethylcytosine; SD, standard deviation; h, hours; ns, not significant.](ndt-12-617Fig2){#f2-ndt-12-617}

![ICH decreased 5hmC enrichment at three gene loci in mouse brains.\
**Notes:** Three genomic loci were selected at the CpG-rich region on promoter regions of the genes *Akt2*, *Pdpk1* and *Vegf* (**A**--**C**). The hMeDIP-qPCR analysis demonstrated that 5hmC was significantly decreased in the CpG-rich region of these three genes in ICH mouse brains (**D**--**F**). The MeDIP-qPCR analysis showed that 5mC was increased over the time course following by ICH (**G**--**I**). The RT-qPCR analysis revealed that the mRNA levels of the three genes were downregulated upon ICH injury (**J**--**L**). n=6. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 compared to control group. F denotes sham-operated group.\
**Abbreviations:** ICH, intracerebral hemorrhage; 5hmC, 5-hydroxymethylcytosine; hMeDIP, hydroxymethylated DNA immunoprecipitation; qPCR, quantitative polymerase chain reaction; MeDIP, methylated DNA immunoprecipitation; 5mC, 5-methylcytosine; RT, real time; h, hours; ns, not significant.](ndt-12-617Fig3){#f3-ndt-12-617}

![Tet expression was downregulated in ICH.\
**Notes:** RT-qPCR analysis revealed that the mRNA levels of *Tet1*, *Tet2* and *Tet3* were significantly downregulated in the ICH brain. n=6. \**P*\<0.05 compared to the control group. F denotes the sham-operated group.\
**Abbreviations:** Tet, ten-eleven translocation; ICH, intracerebral hemorrhage; RT-qPCR, real-time quantitative polymerase chain reaction; h, hours.](ndt-12-617Fig4){#f4-ndt-12-617}
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